Rats with perirhinal cortex (PRC), hippocampal, or sham lesions were trained on a successive discrimination go/ no-go task to examine recognition memory for an array of visual objects with varying interference among the objects in the array. Rats were trained to recognize a target array consisting of four particular objects that could be presented in any one of four possible configurations to cover baited food wells. If the four target objects were presented, the rat should displace each object to receive food. However, if a novel object replaced any one or more of the target objects, then the rat should withhold its response. The number of novel objects presented on nonrewarded trials varied from one to four. The fewer the number of novel objects in the array, the more interference the array shared with the target array, therefore increasing task difficulty. An increased number of novel objects should result in less interference with the target array and decreased task difficulty. Although accuracy was slightly lower in rats with hippocampal lesions compared with controls, the learning of the groups was not statistically different. In contrast, rats with PRC lesions were significantly impaired in learning compared with both control and hippocampal-lesioned rats. The results suggest that recognition memory for complex visual discriminations is affected by stimulus interference in rodents with PRC damage.
Although the perirhinal cortex (PRC) was anatomically identified by Broadman (1909) , its functional significance only has begun to be discovered during the past decade. In the rodent, the PRC is comprised of two strips of cortex, cytoarchitectonic areas 35 and 36, located along the banks of the rhinal sulcus (Burwell 2001) . The PRC receives unimodal and polymodal input from various sensory association cortices (Burwell and Amaral 1998a) . The primary efferent projection from the PRC is to entorhinal cortex (Burwell and Amaral 1998b) , which provides the perforant path input into the hippocampus (Witter 1993) . As described by Buffalo et al. (1998) , the PRC is part of a medial temporal-lobe memory system that includes the hippocampus, dentate gyrus, subicular complex, adjacent perirhinal, entorhinal, and parahippocampal cortices.
Studies in nonhuman primates and rodents have suggested that the PRC plays a significant role in learning and memory for visual object information. Recent data suggest that PRC lesions in rodents and nonhuman primates impair visual recognition and associative memory (Meunier et al. 1993; Murray et al. 1993; Mumby and Pinel 1994; Ennaceur et al. 1996; Higuchi and Miyashita 1996; Wiig et al. 1997; Buckley and Gaffan 1998a,b; Bussey et al. 1999 Bussey et al. , 2000 Buffalo et al. 2000; Gaffan et al. 2000; Baxter and Murray 2001) . In addition, neurons in the PRC and adjacent inferotemporal cortex have been shown to respond less to a visual stimulus with repeated exposure (Desimone 1996; Brown and Xiang 1998; Suzuki and Eichenbaum 2000) , suggesting that PRC neurons may be involved in memory for visual objects. A large number of studies have examined the contributions of the PRC and hippocampus to memory for visual objects. Data collected from nonhuman primates and rodents have shown that perirhinal lesions result in greater impairments in visual objectrecognition memory than hippocampal lesions; however, the magnitude of hippocampal impairment is a point of some contention (Meunier et al. 1993; Suzuki et al. 1993; Ennaceur et al. 1996; Zola et al. 2000) . These data suggest that the PRC may be particularly involved in memory for visual objects.
A current debate exists surrounding the role of the PRC in processing visual information as described by Bussey et al. (2003) . The declarative view (Buffalo et al. 1998) suggests that the PRC is involved in the mnemonic processing, but not the perceptual processing of visual stimuli. In contrast, Bussey and colleagues have proposed a perceptual-mnemonic/feature conjunction model of PRC function, which suggests that the PRC is involved in both mnemonic and perceptual processing of visual information (Bussey et al. 2002 (Bussey et al. , 2003 . In contrast to the declarative view, the perceptual-mnemonic/feature conjunction model suggests that impairments following PRC lesions should be related to perceptual factors, but not the speed of learning (Bussey et al. 2003) . The model suggests that complex visual discriminations involving a high degree of feature ambiguity should be disrupted by PRC lesions. Feature ambiguity is described as "a property of visual discriminations that can emerge when features of an object are rewarded when they are a part of one object, but not when part of another" (Bussey et al. 2002) . To test this hypothesis, Bussey et al. (2002) tested monkeys with PRC lesions on a series of concurrent discriminations consisting of a constant number of object pairs and varying degrees of feature ambiguity. In the maximum feature ambiguity condition, all features were ambiguous (AB+, CD+, BC‫,מ‬ AD‫.)מ‬ In the minimum feature ambiguity condition, no features were ambiguous (AB+, CD+, EF‫,מ‬ GH‫.)מ‬ In the intermediate condition, half of the features were ambiguous (AB+, CD+, CE‫,מ‬ AF‫.)מ‬ Monkeys with PRC lesions matched the performance of controls on discriminations involving minimum feature ambiguity. However, PRC-lesioned monkeys were mildly impaired on discriminations involving intermediate feature ambiguity, and severely impaired in the maximum feature ambiguity condition. These data suggest that the primate PRC may resolve feature ambiguity in complex visual discriminations. Therefore, a mechanism may be localized within the primate PRC that could serve to reduce interference and facilitate the resolution of stimulus ambiguity; however, this process has not been investigated in rodents.
Computational models of hippocampal function have suggested that a mechanism exists within the hippocampus for separating partially overlapping patterns, so that one pattern can be retrieved as separate from another pattern (Marr 1971; Rolls 1989 Rolls , 1996 O'Reilly and McClelland 1994; Shapiro and Olton 1994) . Similar to the role of the PRC in resolving feature ambiguity, this type of pattern-separation mechanism could serve to reduce interference among stimuli that share common properties. Recent behavioral studies have demonstrated that the hippocampus may be critically involved in pattern separation for spatial information (Gilbert et al. 1998; Mizumori et al. 1999; Tanila 1999) . However, the role of the hippocampus in pattern separation for visual object information has not been investigated behaviorally. The present study was designed to assess the role of the rodent PRC and hippocampus in recognition memory for complex visual discriminations, using a task with varying levels of interference among stimuli in a visual array. Figure 1 shows a schematic representation of a large (gray) and small (black) hippocampal lesion. Hippocampal lesions tended to produce significant bilateral cell loss within the dorsal and ventral hippocampus with minimal hippocampal savings and minimal damage to surrounding tissues, with the exception of the cortex dorsal to the hippocampus and the subiculum. An analysis of the damage shown in Figure 1 was conducted using NIH Image Analysis software (http://rsb.info.nih.gov/nih-image/), and the results of the analysis are shown in Table 1 . A schematic representation of a large (gray) and small (black) perirhinal cortex lesion is shown in Figure 2 (left). The schematic representation on the right shows the location of the perirhinal cortex (PRC, area 35), ectorhinal cortex (ECT, area 36), lateral entorhinal cortex (L Ent), and temporal association cortex (TeA). Lesions of the PRC produced significant bilateral damage to the PRC (area 35) and lesser damage to ectorhinal cortex (area 36). Because there is some debate regarding the inclusion of area 36 as part of PRC (for a discussion see Burwell 2001) , the damage to areas 35 and 36 are reported separately in the present analysis. The lesions were intended to include both areas 35 and 36; however, there was more damage to area 35 compared with area 36. In addition, the lesions produced some damage to lateral entorhinal cortex and temporal association cortex. An analysis of the damage shown in Figure 2 was conducted using NIH Image Analysis software, and the results of the analysis are shown in Table 1 . Figure 3 shows mean running latency (sec) as a function of novel objects in the array across four blocks of testing. The data indicate that hippocampal-lesioned rats initially showed a similar rate of learning compared with control rats on Block 1. However, the hippocampal-lesioned rats showed a small decrease in performance on Blocks 2 and 3, but matched controls on Block 4. Both groups displayed low latencies on target-array positive trials with "0" novel objects. The latencies on negative nonrewarded trials increased as a function of increased number of novel objects in the array. It is assumed that as the number of novel objects in the array increases, the ability to discriminate the array from the target array should increase. Percent damage (top) to the hippocampus and subiculum following the small and large hippocampal lesions shown in Figure 1 at 3.14 and 5.30 mm posterior to bregma. Percent damage (bottom) to the perirhinal cortex (PRC, area 35), ectorhinal cortex (ECT, area 36), lateral entorhinal cortex (L Ent), and temporal association cortex (TeA) following the small and large PRC lesions shown in Figure 2 at 3.14, 4.52, and 6.04 mm posterior to bregma.
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Lesions of the PRC resulted in deficits across all blocks of testing relative to controls and hippocampal-lesioned rats. However, the PRC-lesioned group showed some improvement across blocks and was not significantly different from controls on nonrewarded trials with four novel objects involving no stimulus interference.
The data were grouped into four blocks of 40 trials for analysis. Each block represents 1 wk of five consecutive days of testing. Each day-4 target arrays was presented along with four arrays containing novel objects. A repeated-measures three-way analysis of variance with lesion (control, hippocampus, PRC) as the between factor and block (1, 2, 3, 4) and novel objects (0, 1, 2, 3, 4) as the within factors, revealed a significant main effect of lesion, F(2, 12) = 8.68, P < 0.01, a significant main effect of novel objects F(4, 48) = 480.69, P < 0.0001, a significant novel objects ‫ן‬ lesion interaction F(8, 48) = 15.63, P < 0.0001, a significant block ‫ן‬ novel objects interaction F(12, 144) = 15.28, P < 0.0001, and a significant lesion ‫ן‬ block ‫ן‬ novel objects interaction F(24, 144) = 2.28, P < 0.01. A Tukey's HSD test for multiple comparisons on the main effect of a group revealed that there were no statistically significant differences (P < 0.05) between the hippocampal-lesioned rats and the control group. However, the test revealed statistically significant differences (P < 0.05) between the rats with PRC lesion and both the controls and hippocampallesioned rats. Because the analysis revealed a significant lesion ‫ן‬ block ‫ן‬ novel objects interaction, a two-way lesion ‫ן‬ novel objects multivariate analysis of variance (MANOVA) was conducted on each block, and Tukey's HSD tests for multiple comparisons were used to examine differences among the three groups. For the condition in which there were three novel objects, the perirhinal cortex group displayed a significant reduction in mean latency relative to controls and hippocampal-lesioned rats for Blocks 1, 2, and 4 (P < 0.01), but for Block 3, both the hippocampus and PRC-lesioned group displayed a reduced latency relative to controls (P < 0.0001).
DISCUSSION
The present data demonstrate that rats with PRC lesions were significantly impaired relative to controls in learning-complex visual discriminations involving varying degrees of stimulus interference and possibly stimulus ambiguity. Rats with hippocampal lesions were slightly less accurate compared with controls; however, there were no statistically significant differences between hippocampal and control-lesioned rats, with the exception of one data point on the third block of testing. On the first block of trials, all groups showed low-latency measures on trials involving the target array, indicating that all animals were displacing the target object on rewarded trials. On trials involving one novel object (maximum interference condition), all groups showed low-latency measures, suggesting that even control rats had a difficult time performing the task when interference and task difficulty were high. However, on trials involving two, three, or four novel objects (decreasing interference), control and hippocampal-lesioned rats showed longer latencies, suggesting that the rats were able to discriminate the novel arrays from the target array and withhold their response. In contrast, rats with PRC lesions continued to show low latencies on trials involving two and three novel objects, indicating that the rats were unable to discriminate arrays involving novel objects from the target array even when stimulus interference was minimal. Because the PRC-lesioned rats were not significantly different from control and hippocampal-lesioned rats on trials with four novel objects (no stimulus interference), the data suggest that PRC-lesioned rats are able to discriminate between the target array and an array with no similarity. This finding demonstrates that PRC lesions do not completely abolish visual discrimination, and that rats with PRC lesions are able to perform visual discriminations when there is no stimulus interference.
On the second block of testing, the performance of each group was similar to the first block of testing. The hippocampallesioned rats showed a decrease in performance relative to controls; however, the difference was not statistically significant. The PRC-lesioned rats showed some improvement on trials involving two novel objects (medium interference) and four novel objects (no interference), but still showed significant impairment relative to controls. On the third block of trials, control rats continued to outperform PRC-lesioned rats on trials with three novel objects. There was also a significant difference between the control rats and rats with hippocampal lesions on trials with three novel objects. However, by the fourth block of trials, the hippocampal-lesioned group was indistinguishable from controls, but the rats with PRC lesions continued to show a deficit relative to both the controls and hippocampal-lesioned rats. These data suggest that rats with PRC lesions are unable to perform complex visual discriminations involving interference among arrays of visual stimuli. Therefore, a mechanism may be localized within the rodent PRC that could serve to reduce interference and facilitate recognition memory for complex visual discriminations, particularly when task difficulty and interference are increased.
The deficits in visual memory associated with PRC lesions in the present study are consistent with previous data collected from rodents and nonhuman primates (Meunier et al. 1993; Murray et al. 1993; Mumby and Pinel 1994; Ennaceur et al. 1996; Higuchi and Miyashita 1996; Wiig et al. 1997 ; Buckley and
Figure 2
The schematic representation on the left shows a large (gray) and small (black) perirhinal cortex lesion at 3.14 mm posterior to bregma (top), 4.52 mm posterior to bregma (middle), and 6.04 mm posterior to bregma (bottom). The schematic representation on the right shows the location of the perirhinal cortex (PRC, area 35), ectorhinal cortex (ECT, area 36), lateral entorhinal cortex (L Ent), and temporal association cortex (TeA). The lesions were intended to encompass both areas 35 and 36.
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Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from Gaffan 1998a,b; Bussey et al. 1999 Bussey et al. , 2000 Buffalo et al. 2000; Gaffan et al. 2000; Baxter and Murray 2001) . In particular, a prior study in monkeys demonstrated that the primate PRC might resolve feature ambiguity in complex visual discriminations (Bussey et al. 2002) . The results of the present study could be interpreted to suggest that the rodent PRC also may resolve feature ambiguity in visual discrimination tasks; however, this interpretation is confounded by differences in task difficulty. Therefore, further studies should be conducted to examine the role of the rodent PRC in resolving feature ambiguity. However, the results of the present experiment offer further support for the proposal that the PRC may serve similar functions in rodents and primates (Burwell et al. 1995; Gaffan et al. 2000) .
The lack of a significant deficit in rats with hippocampal lesions suggests that the hippocampus is not involved in reducing interference for visual discriminations. As mentioned previously, computational models of hippocampal function have suggested that a pattern separation mechanism exists within the hippocampus that could serve to reduce interference among stimuli (Marr 1971; Rolls 1989 Rolls , 1996 O'Reilly and McClelland 1994; Shapiro and Olton 1994) . Prior behavioral studies have demonstrated that the hippocampus may be critically involved in pattern separation for spatial information (Gilbert et al. 1998; Mizumori et al. 1999; Tanila 1999) . However, assuming that the present task requires pattern separation for visual objects, the results suggest that the hippocampus does not play a significant role in pattern separation for visual object information. Four different configurations were used in the present study to minimize any spatial component of the task. The use of different configurations forced the rats to attend to each of the individual visual objects in the array and minimized any association between an object and a particular spatial location. It was important to minimize the spatial component of the task, because prior studies have shown that PRC lesions impair object-place conditional learning in rats (Bussey et al. 2001; Liu and Bilkey 2001) . If the present task involved objects associated with particular locations, the interpretation of the data may have been confounded by the object-place associative learning component of the task. Although the location of each object was not relevant to task performance, a spatial relationship did exist among the four objects in the array. This spatial relationship among the objects may have resulted in the slight deficit observed in the hippocampallesioned rats on the present task. However, if the task performance involved a spatial component, it is hypothesized that hippocampal lesions would have resulted in a learning deficit.
The results of the present study suggest that the rodent PRC is involved in recognition memory for complex visual discriminations, particularly when interference among visual objects is increased. However, the data suggest that the hippocampus is not necessary for accurate visual object-recognition memory. The present results support the proposal that the PRC may serve similar functions in rodents and primates (Burwell et al. 1995; Gaffan et al. 2000) , and the data offer support for the perceptual-mnemonic/feature conjunction model (Bussey et al. 2003) .
MATERIALS AND METHODS
Subjects
Fifteen male Long-Evans rats, ∼2 mo of age and weighing ∼350 g at the start of the experiment, were used as subjects. Each rat was housed individually in metal hanging cages located in a colony room. The colony room was maintained on a 12 h light/12 h dark cycle. All rats had unlimited access to water, but were initially food deprived to 85%-90% of free feeding weight. All testing was conducted during the light portion of the light/dark cycle.
Figure 3
Mean latency scores as a function of the number of novel objects in an array of visual objects from sham (control), hippocampal, and perirhinal cortex-lesioned rats on four blocks of trials. Trials with zero novel objects were rewarded target trials, whereas trials containing one or more novel objects were nonrewarded trials. It is hypothesized that as the number of novel objects in the array increases, the ability to discriminate the array from the target array should increase.
Apparatus
The testing apparatus consisted of a box with an 84-cm ‫ן‬ 27-cm painted wood floor, and four 30.5-cm high nontransparent red Plexiglas walls (see Fig. 4 ). One removable red Plexiglas guillotine door was placed 25 cm from one end of the box to divide the box into two separate compartments. The small 25-cm long compartment served as the start chamber, in which the rat began each trial, and the larger 59-cm long compartment served as the choice chamber in which the objects were presented. A 5 ‫ן‬ 4 matrix of evenly spaced 2-cm diameter and 1.5-cm deep food wells were drilled in the floor at both ends of the apparatus. The rows and columns of food wells were each separated by 2.5 cm.
Preoperative Shaping Procedure
During the first week of training, each animal was handled for ∼0.25 h daily and was allowed to individually explore the test apparatus for 0.25 h. During the exploration period, ∼10 pieces of Froot Loop cereal were spread out across the surface of the apparatus in the choice chamber. Beginning the second week of training, a single, neutral object was introduced to the testing apparatus. The object was used to shape each animal to displace an object to receive a food reward. The object consisted of a wooden object 2-cm wide and 5-cm tall that was painted gray. The object was placed to cover the centermost food-well in the choice chamber of the apparatus. On each shaping trial, a piece of cereal was placed in front of the object on the maze surface. The animal was placed in the start chamber of the apparatus with the guillotine door between the start and choice chambers in the closed position. The animal was allowed to exit the start chamber, retrieve the reward from the choice chamber, and return to the start chamber to consume the reward with the door in the closed position. This procedure was followed 12 times each day. Once an animal retrieved the food reward consistently, the food reward was placed in the food well previously covered by the object, and the object was positioned on the side of the food well opposite the animal. On each ensuing trial, the object was positioned to cover a larger portion of the food well, until the base of the object covered the baited food well completely. Once an animal consistently displaced the object to receive a food reward, the animal was scheduled for surgery.
Surgery
Each animal was assigned randomly to receive a bilateral electrolytic-induced lesion of the hippocampus (n = 5), a bilateral aspiration lesion of the perirhinal cortex, or a sham lesion (n = 5) prior to testing on the task. Prior to surgery, each animal was given atropine sulfate (0.25 mg/kg, i.p.) and anesthetized with sodium pentobarbital (Nembutal; 60 mg/mL, i.p.). Each animal was then placed in a stereotaxic instrument and an incision was made in the skin covering the skull. For rats in the hippocampallesioned group, the bone overlying the hippocampus was removed with a small dental burr. Electrolytic lesions were generated by passing a 1.2-mA anodal current for 10 sec through a stainless-steel electrode (0.35 mm in diameter) insulated with Epoxylite, except for ∼0.50-0.75 mm at the tip of the electrode. The coordinates for the electrolytic-induced hippocampal lesions were 3.5 mm posterior to bregma; 1.0, 2.2, and 3.4 mm lateral to midline; and 2.8 mm below dura for dorsal hippocampus. For the ventral hippocampus, the coordinates were 4.6 mm posterior to bregma, 5.5 mm lateral to midline, and 5.6 and 8.1 mm ventral to dura. For rats in the perirhinal lesion group, the temporal muscle was retracted to reveal the skull overlying the rhinal fissure. The bone overlying the rhinal fissure from 3.0 mm to 7.0 mm posterior to bregma was removed. A small incision was made in the dura mater to allow aspiration of the perirhinal cortex. The perirhinal cortex dorsal and ventral to the rhinal fissure was then removed with an aspiration needle under microscopic visual guidance. Following aspiration, the temporal muscle was returned to its position. Rats in the sham lesion condition received the same surgical treatment; however, no bone was removed. Following all surgical procedures, each animal was sutured, injected with 1.5 cc (sc) saline in each hip, and placed on a heating pad to recover. The subcutaneous injections of saline were to rehydrate the animal to avoid dehydration following surgery and promote the excretion of the sodium pentobarbital through urination.
Task Procedure
Following a 7-10 d recovery period from surgery, each rat was trained on a successive discrimination go/no-go task to examine pattern separation for visual objects. Each rat was given eight trials per day. Rats were trained to recognize a target array consisting of four particular, very different objects. Each object consisted of a small toy (4-10 cm high) mounted on a small flat metal washer (5 cm in diameter). These four objects could be presented in any one of four possible array configurations (Fig.  4) , and each object could occur in any one of the four positions within the configuration, thus minimizing the spatial component and requiring the animals to attend to each object on each trial. The four target objects covered four baited food-wells. Thus, if the four target objects were presented on any given trial, in any one of the four configurations, the rat should learn to run and displace the objects to receive food rewards (go). However, if a novel object replaced any one or more of the objects in the array, then the rat should withhold its response and not displace the objects (no-go). The number of novel objects in the no-go condition varied on each trial, from one to four objects. The novel objects consisted of 50 toys (4-10 cm high) mounted on metal washers (5 cm in diameter). Each novel object was only presented once during each block (week) of testing. The latency of each rat to displace the first object of the set was measured, recorded by the experimenter, and used as the dependent measure. If the rat did not displace an object within 10 sec, a latency of 10 sec was recorded, and the rat was returned to the start chamber to await the next trial. The fewer the number of novel objects in the array, the more similarity the array shared with the target array, therefore increasing interference and task difficulty. However, an increased number of novel objects in the array should result in less similarity with the target array and decreased task difficulty. It is suggested that the nonrewarded trials with increased similarity to the target array should require more reduction of interference than trials with less similarity. Each day, four positive go target arrays and four negative no-go arrays were presented. Of the four Cold Spring Harbor Laboratory Press on November 7, 2016 -Published by learnmem.cshlp.org Downloaded from negative no-go arrays presented each day, there was one array with one, two, three, and four novels objects presented. Each rat was tested on the task for two blocks of 160 trials. Each block consisted of 80 positive go trials and 80 negative no-go trials. Of the 80 negative no-go trials, there were 20 trials consisting of one, two, three, or four novel objects.
Histology
At the conclusion of all testing, each animal was deeply anesthetized with an intraperitoneal injection of 1 mL sodium pentobarbital (100 mg/kg) and perfused intracardially, followed by a 10% formalin solution. The brain was removed from the skull and stored in a 10% formalin/30% sucrose solution. For animals with either complete hippocampal or control lesions, each brain was frozen and cut at 24-µm sections, starting at bregma and extending through the posterior region of either the hippocampus or perirhinal cortex. Every third section was mounted on a glass slide, stained with cresyl violet, and examined for histological verification of the lesion placement.
